Abstract. The goal of this study was to apply gastrointestinal simulation technology and integration of physiological parameters to predict biopharmaceutical drug classification. GastroPlus ® was used with experimentally determined physicochemical and pharmacokinetic drug properties to simulate the absorption of several weak acid and weak base BCS class II compounds. Simulation of oral drug absorption given physicochemical drug properties and physicochemical parameters will aid justification of biowaivers for selected BCS class II compounds.
INTRODUCTION
A biopharmaceutical drug classification system based on two fundamental parameters, solubility and permeability, originally proposed by Amidon et al. classifies drugs into four different groups: I (high solubility, high permeability), II (low solubility, high permeability), III (high solubility, low permeability) and IV (low solubility, low permeability). The classification of drug solubility is based on the dimensionless dose number D 0 , defined as the ratio of drug concentration in the administered volume to its saturation solubility in water. The classification of drug permeability is based on a relationship between the intestinal permeability of a drug and its fraction dose absorbed (1) . BCS has several goals: identification of rate-limiting steps for biopharmaceutic problem compounds; recommendation of a class of immediate-release solid oral dosage forms for which bioequivalence may be assessed based on in vitro dissolution tests (biowaiver) and thus identification of expendable clinical bioequivalence studies. According to the FDA biowaiver guidance, a waiver for in vivo BE studies can be requested for solid, orally administered immediate-release drug products (>85% release in 30 min) containing highly soluble drugs over the pH range from 1 to 7.5 (dose to solubility ratio <250 ml) which are also highly permeable (fraction absorbed ≥90%) (2) . Additionally, the following criteria must be met: the drug must be stable in the gastrointestinal tract, excipients do not affect the rate or extent of absorption, the drug must not have a narrow therapeutic index and the drug product is designed not to be absorbed in the oral cavity. Thus, for BCS class I drug substances, an in vivo bioequivalence study could be replaced by generating suitable in vitro dissolution data. Table I provides a comparison of eligibility for BCS based biowaivers between FDA, CPMP and WHO (2) (3) (4) .
The WHO modification has widened the eligibility for class I biowaivers of several basic drugs previously considered to be BCS class II members. In the WHO working document additional relaxations for drug products containing BCS class II or class III active pharmaceutical ingredients eligible for biowaivers are presented (4) : in vivo BE studies could be waived for very rapidly dissolving products containing BCS class III compounds (≥85% in 15 min in standard media at pH 1.2, 4.5 and 6.8).
Rinaki et al. identified biowaivers among acidic drugs BCS class II (5) . Biowaivers could be extended for rapidly dissolving products (≥85% of the labelled amount dissolving within 30 min using USP apparatus I or II in a volume of ≤900 ml of buffer solution) containing BCS class II compounds with weak acidic properties showing high solubility at pH 6.8 but low solubility at pH 4.5 or 1.2. In addition to the modifications proposed by WHO other solubility boundary values for class I drugs have been suggested to include class II compounds with acidic and basic structural elements (6, 7) . Figure 1 presents BCS class II compounds clustered according to the chemical classes. Furthermore, an intermediate solubility class has been suggested, given the propensity of many acids and bases to be highly soluble at either pH 1.2 or 6.8. Based on relaxation of solubility criteria some bases (e.g. verapamil), categorized as class II compounds due to insufficient solubility at pH 7.5, would be grouped as class I (8) . These drugs will show fast and reliable dissolution at physiologically relevant pH values between 4.5 and 6.8 the pH range of the small intestine and will be consistently and completely absorbed.
The dissolution profiles of different formulations should be similar as prerequisite for bioequivalence. For weakly acidic and basic class II drugs the pH and composition of the dissolution are the most important parameters. Thus, further extension opportunities for class II drugs to be incorporated in the class I are based on the choice of the dissolution medium simulating a physiologically relevant in vivo situation (9) . According to pharmacokinetic simulations performed by Kortejarvi et al., solubility in the stomach, formulation type and gastric emptying were critical factors for C max differences of BCS class II drugs (10) .
The aim of this study was to use gastrointestinal simulation technology as a tool to recommend extensions of biowaivers for selected BCS class II weak acids and bases. Furthermore, simulations were performed to study how differences in dissolution rates would affect fraction dose absorbed and bioavailability and other PK properties of BCS class II drugs and whether in spite of the difference in dissolution the resulting PK profiles would still be considered bioequivalent, thus justifying a waiver of BE studies also for BCS class II compounds.
MATERIALS AND METHODS

Computer Hardware and Software
GastroPlus ® program (version 5.2; Simulations Plus, Inc., CA, USA) was run on a Dell Pentium IV computer. The program enables predictions of rate and extent of drug absorption from the gastrointestinal tract. It also allows input of different dissolution velocities for pharmacokinetic predictions.
Design of the Simulations
The concept of using simulation technology for biowaiver extensions was initially validated to meet BE criteria for BCS class I drugs in IR dosage forms: propranolol hydrochloride (11), metoprolol tartrate (12) and prednisolone (11) were used as model BCS class I compounds. In a second series, simulations with IR dosage forms containing BCS class II compounds were performed. 
Input Parameters for Pharmacokinetic Simulations
Characterization of the drugs
Simulations were performed with experimentally determined physicochemical and biopharmaceutic parameters (pK a , log P, and Caco-2 or human jejunal permeability, and solubility). Permeability values for all compounds, except for mefenamic acid (13) , ibuprofen (14) and prednisolone (15) (based on Caco-2 cells model), diclofenac, miconazole and terbinafine (16) (estimated using ADMET Predictor ® , Simulations Plus, Inc., CA, USA) were based on experimental data (17, 18) . When no information was available concerning a certain input parameter, default settings proposed by the program were used.
Dosage form
Relevant dosage form properties, used in simulations were: mean precipitation time 900 s, drug particle density 1.2 g/ml and effective particle radius 25 μm. Diffusion coefficient was calculated from the molecular weight of the drug molecule. It was assumed that the dosing volume is 250 ml.
Nondimensional biopharmaceutical compound characterization numbers (1)
Dose number (D 0 ) is defined as the ratio of the dose to the amount of drug that will dissolve in 250 ml of test solution at the lowest solubility within the pH range 1 to 8 and was calculated as:
M 0 -highest dose unit, V 0 -250 ml, C s -solubility Absorption number (A n ), defined as the ratio of the transit time to the absorption time (1/absorption rate constant), was calculated as:
P eff -effective permeability, R-radius of GI, t GI -residence time in GI, t abs -time required for complete absorption Dissolution number (D n ) is the ratio of the transit time to the dissolution time (1/dissolution rate constant) and was calculated as:
D-diffusivity, C s -solubility, r 0 -particle radius, ρ-density, t GI -residence time in GI, t diss -time required for complete dissolution
Gastrointestinal absorption model
Yu et al. originally developed a Compartmental Absorption and Transit (CAT) model that predicted absorption from the gastrointestinal tract and took into account the flow of the drug substance through the digestive tract, which was divided into a set of seven compartments. The model was further redefined and developed into an Advanced Compartment Absorption and Transit model (ACAT), which accounts for dissolution rate, pH dependence of drug solubility, release rate, absorption in the stomach, the small intestine or the colon, metabolism or degradation in the gut or the liver, or changes in surface area, transporter densities (e.g., efflux protein densities), and other regional factors within the intestinal tract (19) . The form of the ACAT model implemented in GastroPlus ® is modeled by a system of coupled linear and non-linear rate equations. The equations include the consideration of six states (unreleased, undissolved, dissolved, degraded, metabolized, and absorbed), 18 compartments (stomach, six compartments for the small intestine, two colon and nine enterocyte compartments), three states of excreted material (unreleased, undissolved, and dissolved), and the concentration of drug in physiologically based organ compartments, when tissue partition and flow rate parameters are available.
Human fasted state was the selected setting for all simulations.
Release profiles from immediate-release dosage forms
The dissolution rate is influenced by the physicochemical properties of the substance and the prevailing physiological Fig. 2 . In silico dissolution profiles of two immediate release drug products used as input data for simulations conditions in the GI tract. The dissolution rate constant (K d ) is given by:
Where γ is the diffusion coefficient, C s is the solubility at a particular pH, C l is the lumen concentration, ρ is the density of the substance, r is the particle radius and T is the diffusion layer thickness. The diffusion layer thickness was set equal to the particle radius (25 μm) . Figure 2 summarizes the theoretical dissolution profiles designed for the IR formulations with BCS class I and II compounds used in simulations. RAPID IR was designed to release >90% of the dose within 10 min whereas SLOW IR released 80% in 45 min. For each RAPID and SLOW immediate release formulation, plasma concentrations versus time and absorption curves were predicted.
Disposition parameters for drugs
Values for clearance (CL), volume of central compartment (V c ), transfer rate constants, fraction not bound to proteins (f u ), first-pass metabolism used in simulations were taken from the literature. Input body weight for the predictions was 70 kg.
Parameter sensitivity analysis
A parameter sensitivity analysis for particle radius, solubility and precipitation time was performed for BCS class II drug miconazole. Each parameter was varied independently, with all others held constant.
RESULTS AND DISCUSSION
Validation of the Simulation Approach by Using BCS Class I Drugs
Physicochemical properties of propranolol, metoprolol, and prednisolone, used in the simulations, are presented in Table II .
Propranolol is rapidly and completely absorbed from the proximal small intestine. Its bioavailability is highly variable in humans (20-70%), due to high hepatic extraction (54%). The plasma half-life is short-varying from 1.5 to 4 h. It is highly lipophilic and highly bound to plasma proteins (∼90%), with a distribution volume of about 4.2 l/kg and clearance of 1.1 l/h/kg (20) (21) (22) .
According to the solubility-pH profile of propranolol, solubility will not be a rate-limiting step in its absorption from the GI tract.
Pharmacokinetic profiles of propranolol are not sensitive to the differences in dissolution. Analysis of 14 bioequivalence trials of propranolol IR products (40 and 80 mg) in Germany showed that indeed 11 formulations were bioequivalent with respect to C max and AUC. Three formulations were bioinequivalent (two studies failed due to C max differences and one study failed due to AUC differences) (23) . According to Potthast et al. exemption from in vivo bioequivalence studies is thus feasible for propranolol IR products if the requirement of the WHO Guideline is fulfilled (24) . The high pharmacokinetic variability due to considerable first-pass extraction is thus attributed to the drug and not to its dosage form justifying biowaivers based on dissolution similarity of propranolol products.
Metoprolol is also highly soluble in the pH range of the GI tract; it is rapidly and almost completely absorbed from the small intestine, with peak plasma concentrations occurring 1.5 h after oral administration in humans. Due to its high first-pass metabolism (57%) oral systemic availability is as low as 40% to 50%. The degree of binding to plasma proteins is 12%. The total clearance is 30.6 l/h and the volume of distribution is 0.62 l/kg (20, 25) .
Two metoprolol IR formulations, showing different dissolution profiles as shown in Fig. 2 , were simulated and compared. It was found that the poorer in vitro dissolution properties of the SLOW form did not lead to relevant changes in metoprolol pharmacokinetics. Thus, bioequivalence can be assumed due to the excellent solubility and permeability properties of metoprolol. Eight bioequivalence studies on 100 mg metoprolol IR formulations performed in Germany confirmed the results of the simulations, since all drug products were bioequivalent as assessed by AUC and C max comparison (23) .
The third example from BCS class I comprised prednisolone. Its physicochemical properties are depicted in Table II . Prednisolone is readily absorbed in the GI tract, producing peak concentrations at 1 to 2 h after administration. The oral bioavailability of prednisolone is 70% to 80% in healthy volunteers. First-pass metabolism approximates 13% and plasma half-life is between 2.1 and 3.5 h. Volume of (20, 26, 27) . Although prednisolone has nonlinear pharmacokinetics, the drug is classified as BCS class I. It was reported from human studies, that any nonlinear pharmacokinetics is not relevant for the biowaiver decisions over the full range of tablet strengths (15, 28) . Exemptions from a bioequivalence study have been granted for example for prednisolone tablets based on comparable dissolution profiles between products at three pH values (1.2; 4.5; 6.8) and permeability information. Four bioequivalence studies of prednisolone immediate-release products 5-20 mg, performed in Germany, indicated the bioequivalence of the prednisolone test preparations as compared to the reference (23, 29) . This result was also anticipated from the simulations.
With respect to C max and AUC, prednisolone IR tablets with different dissolution profiles did not show any relevant bioavailability and absorption differences. A comparison of the PK parameters of the three BCS class I drugs obtained by the simulation and those reported from studies in humans are detailed in Table III . Almost identical values for AUC, C max and t max were predicted in comparison with in vivo data validating the simulations approach. Thus, comparative simulations of pharmacokinetics using as input different in vitro dissolution properties of BCS class I drug formulations served as a retrospective justification for biowaivers, implying that dissolution tests may well be used to predict bioequivalence for BCS class I drugs.
Selection of Candidates for Biowaiver Extension for BCS Class II Using Simulations
For class II drugs, limits are imposed on the absorption by the solubility (D 0 ) or dissolution rate (D n ), either in general or on a regional basis within the GI tract, leading to incomplete absorption, despite the high membrane permeability (A n ).
Compounds with weak acidic properties
Nonsteroidal anti-inflammatory drug with acetic acid moieties (e.g. diclofenac) and with propionic acid moieties (e.g. ibuprofen, ketoprofen, naproxen) are known for their pH-dependent solubility which increases significantly at the physiological pH range of the intestine thus ensuring complete dissolution at the intestinal pH yet not at typical pH values found in the fasting stomach (13) . In the simulations the release characteristics were varied among drug formulations and the fraction absorbed of the API were compared between formulations.
Case study # 1: ibuprofen. Input data for ibuprofen physicochemical properties are shown in Table IV .
Ibuprofen has limited solubility at acidic pH, but sufficient solubility at neutral pH. Previous studies have shown that the drug is rapidly absorbed from the small intestine with fraction absorbed exceeding 90%, producing peak serum levels in 1 to 2 h with a half-life of about 2 h. Like many other NSAIDs, ibuprofen is highly bound to plasma proteins (>99%) (14, 30) . The different in vitro dissolution profiles of ibuprofen IR products, used as input data, are presented in Fig. 3 .
The corresponding plasma concentrations versus time profiles are depicted in Fig. 4 . Whereas the two commercial products were predicted to be bioequivalent (C max ratio 1.002; AUC ratio 1.0) the outlier (OOS) did produce differences outside of the BE acceptance criteria (C max ratio 1.4; AUC ratio 1.007). Comparison of the simulated PK results is displayed in Table V .
Similarly, analysis of 25 bioequivalence trials of ibuprofen immediate-release tablets from 200 to 600 mg in Germany showed that 14 studies did not demonstrate bioequivalence, due to C max differences by only 4.3% deviation from CI limit on average (23) . The extent of exposure as determined by AUC was equivalent.
High ibuprofen intestinal absorption (>99%) implies that ibuprofen dissolves completely in the intestine. Bioinequivalent products are likely to differ in rate (C max ) rather than extent (AUC) of drug input. Simulations predicted these changes of C max for products with insufficient dissolution rates and showed that the behaviour of ibuprofen can be estimated based on physicochemical properties in conjunction with dissolution profiles.
Generic ibuprofen products have been approved by the MPA (Sweden) based on comparative dissolution data without request of an in vivo bioequivalence study (31) . It has further been pointed out that for ibuprofen drug products therapeutic risks in case of bioinequivalence can be considered as being irrelevant (risk analysis).
Ibuprofen, which has been categorized as class II compound at the high dose (800 mg), will meet the criteria of high solubility at the low dose (200 mg), based on its pH 7.4 solubility value. BfArM classified ibuprofen as BCS class I, since the drug has a wide therapeutic index and non critical therapeutic use (32) (33) (34) (35) .
Case study # 2: ketoprofen. Ketoprofen is a potent nonsteroidal anti-inflammatory drug (NSAID) of the 2-arylpropionic acid class. Ketoprofen would be grouped into BCS Class II due to its low solubility and high permeability characteristics. Table IV summarizes physicochemical charac- Fig. 3 . Dissolution of ibuprofen from three IR products (two commercial and one artificial out of specification (OOS) dissolution batch), each containing 400 mg ibuprofen. Dissolution conditions were phosphate buffer ph 7.2, paddle method, 50 rpm teristics of ketoprofen. Ketoprofen solubility increases dramatically at pH values representative for the small intestine. Absorption of ketoprofen is rapid and almost complete when given orally (≥95%). It binds extensively to plasma albumin (99%), has a short half-life (2-4 h), has negligible first-pass effect, and a broad therapeutic window. The volume of distribution varies from 7-14 l (0.15 l/kg) and the clearance is 5.04 l/h (36) (37) (38) .
Fraction dose absorbed of ketoprofen that results from simulations with IR formulations, which differed in dissolution profiles are very similar. For ketoprofen, such differences in dissolution profiles should not lead to pharmacokinetic differences based on comparison of BE parameter point estimates (Table V) .
Ketoprofen would have minimal solubility/dissolution in stomach, yet it is completely ionized and highly soluble at intestinal pH, leading to 100% dissolution of the dose. Similar to the simulations and animal experiments demonstrate high dissolution of ketoprofen in the intestine going along with complete oral absorption in humans (39, 40) . Ketoprofen is thus a candidate for BCS class II biowaiver.
Case study # 3: diclofenac. Physicochemical properties for the phenylacetic acid derivative diclofenac are given in Table IV . After oral administration diclofenac is rapidly absorbed (>90%) with extensive hepatic metabolism (40%). The peak plasma concentration was achieved after approximately 1 h. The compound exhibits a volume of distribution of 0.12 l/kg, clearance of 27 l/h and 99.5% plasma protein binding (20) .
The dissolution behaviour of the two hypothetical diclofenac formulations resulted in similar predicted pharmacokinetic parameters as can be seen in Table V. Despite high Dose number (>1) and low Dissolution number (<1) at stomach pH diclofenac solubility and dissolution in the small intestine are satisfactory and result in complete absorption. The pharmacokinetic results predicted by the modelling approach are in accordance with data from in vivo human studies (23, 41) .
From the 23 comparative bioequivalence trials with 25 and 50 mg diclofenac products in Germany it is known that only five test products failed BE criteria in terms of C max rather than AUC. Several trials showed that C max differences were caused by the occurrence of double peaks which may be related to physiological events and first-pass metabolism (13) . Furthermore, differences in the kinetics of release of the formulations, effect of excipients on the precipitation of the neutral form in the stomach or diclofenac salt selection may have contributed as well. This is pointed out by O'Connor and Corrigan where they show that diclofenac salt selection has also an influence on solubility and intrinsic dissolution rate (42) .
Weak acid diclofenac can be defined as "highly soluble" compound at pH>6.8, but also satisfies solubility requirements at lower intestinal pH values (intestinal D 0 <1). Considering its high permeability it can be concluded that diclofenac exhibits absorption similar to that of a BCS class I compound (43) .
Case study # 4: mefenamic acid. The physicochemical properties of the anthranilic acid mefenamic acid, along with the recommended dose and absorption in humans are presented in Table IV. Mefenamic acid is rapidly but incompletely absorbed after oral administration. The bound fraction of mefenamic acid to albumin exceeds 90% (20, (44) (45) (46) . Due to insufficient solubility in the physiological pH range the dissolution of mefenamic acid drug product is highly formulation dependent and will be incomplete in physiological dissolution media. Thus a fundamental principle for the conversion of a BCS class II drug to obtain BCS class I biowaiver-complete dissolution and absorption in the GI tract-is violated. Simulation results clearly demonstrate that small differences in mefenamic acid formulations may affect systemic availability. Predicted influence of particle size on absorption and plasma-concentration versus time profiles of mefenamic acid products were compared to in vivo human data published by Hummel et al. This study of influence of particle size on dissolution and PK parameters of mefenamic acid tablets confirmed in silico predictions in that micronization resulted in increase of absorption and bioavailability (47) .
The simulation also predicted solubility-and dissolutionlimited absorption of mefenamic acid in the small intestine. The lipophilic drug has low solubility in acidic and neutral media. Its solubility increases only far from physiologic pH values. In order to establish a sufficient solubility of the API for the dissolution test of mefenamic acid drug products, unphysiological dissolution media with pH values of 8 were utilized. By comparison of in vitro release profiles and in vivo bioequivalence parameters it was found that in vitro dissolution was not predictive for the biopharmaceutic behaviour of the dosage form (48) . Thus one fundamental principle of granting a biowaiver for mefenamic acid, the establishment of a predictive dissolution method, is violated. A second violation is to be seen in the fact, that for mefenamic acid the dose will not be dissolved completely within the gastrointestinal fluid.
Case study # 5: piroxicam. The physicochemical parameters of piroxicam are given in Table IV . Solubility of piroxicam largely depends on the pH value of the medium. Under acidic conditions piroxicam shows low solubility and dissolution rate.
Piroxicam exhibits excellent absorption (fa ∼ 100%) and negligible first-pass metabolism. Its systemic clearance is 0.147 l/h and the volume of distribution approaches 0.15 l/kg. The drug is extensively bound to plasma proteins (99%) (20, 49) .
Although piroxicam shows low aqueous solubility at acidic pH, the pharmacokinetic data show that its absorption is not impaired, even at the highest dose of 20 mg. Thus, in spite of their apparent dissolution differences, RAPID and SLOW IR tablets resulted in similar pharmacokinetic parameters (Table V) .
Differences in dissolution of piroxicam formulations have been observed resulting from variations in particle size (50) . A parameter sensitivity analysis conducted for particle size, predicts that large variation in particle size e.g. from 2.5 to >100 μm would be necessary to affect bioavailability by 20% or more.
Validation of the computer predictions was performed again by noting the probability of failed bioequivalence trials respectively. Piroxicam product BE trials published in Germany demonstrated bioequivalence for all products (23, 51) . It was furthermore noted that dissolution tests were able to discriminate between formulations that contained different piroxicam polymorphic forms, yet the differences did not result in significant BE differences, in accordance with simulation results. According to Yazdanian et al. piroxicam met the "high solubility" criteria in all tested pH conditions (1.2-7.4) and would be classified as class I drug (13) . Predicted high bioavailability suggested that piroxicam absorption kinetics is not limited by drug solubility and release in the intestinal pH, thus piroxicam could be a candidate for a BCS class II biowaiver.
Compounds with weak basic properties
Weak bases with low pH-dependent water solubility and high intestinal permeability may exhibit distinct absorption profiles based on different physiologic conditions. They usually dissolve during their residence time in the stomach, due to low gastric pH. Once in solution bases from BCS class II readily permeate membranes easily resulting in ≥90% absorption. World Health Organization redefined the solubility boundary values for the highest single dose administered to <250 ml of buffer solution over a pH range of 1.2 to 6.8. This modification has widened the eligibility of several basic drugs previously considered to be class II members for class I biowaiver.
Case study # 1: verapamil. Table VI encloses the physicochemical properties of verapamil. After administration of IR verapamil tablets, the drug will be dissolved and absorbed in the upper part of the GI tract (pH<6.8) such that the low solubility at high pH should not be limiting verapamil absorption.
Verapamil undergoes extensive first-pass elimination and is commonly regarded as highly variable drug. Following oral absorption more than 90% of labelled 14 C-verapamil is absorbed. The protein bound fraction of verapamil is moderate (90%) (20, 52) .
Simulations show that absorption of verapamil from an IR dosage form is complete in the upper small intestine; therefore low solubility in the distal GI regions has little impact on rate and extent of its absorption. Simulated cumulative absorption versus time profiles for rapid and slow dissolving formulations of verapamil demonstrated similar contour curves. Comparison of the simulated pharmacokinetic parameters of the two verapamil IR products RAPID and SLOW is displayed in Table VII. Analysis of 30 bioequivalence trials with 40 to 120 mg verapamil IR tablets in Germany showed that 20 studies did not demonstrate bioequivalence: seven failed due to AUC, seven failed due to C max and six failed due to AUC and C max differences (23) . Bioinequivalence of products with highly variable drugs is harder to be predicted from solubility, permeability and dissolution data alone. The observed differences in rate and extent of systemic drug input can be also related to high variability in verapamil pharmacokinetics, and not just due to formulation differences (53) . Verapamil undergoes first-pass extraction (80%) by CYP 3A4 and 1A2 in the intestine and liver, therefore additional information on the variations in population physiology need to be integrated in the model to possibly predict bioinequivalence. A virtual trial was performed to estimate the effect of distributions of values for systemic clearance and firstpass effect. Stochastic simulations based on the means and the log normal distributions were used with the following coefficients of variations: systemic clearance = 40% and firstpass effect = 20%. Table VIII shows both the variability associated with the observed clinical data as well as the variability that would be expected from the simulations given our best assumptions for the coefficients of variations for two metabolism-related physiological parameters.
Verapamil hydrochloride is a BCS Class II substance on the borderline, classified in a provisional classification of the WHO Essential Drugs as BCS Class I drug, and can be considered as a candidate for granting a biowaiver when the IR tablets show rapid in vitro dissolution, and meet the dissolution profile comparison criteria.
Case study # 2: miconazole. Miconazole, a synthetic imidazole derivate, is suitable for the oral therapy of systemic candidiasis and other systemic fungal infections. This antifungal agent is also used for local treatment of vaginal, skin and nail infections. Physicochemical properties of miconazole are given in Table VI . Since miconazole is a weak base, it can be solubilised only under very acidic conditions. Miconazole is poorly absorbed from the gastrointestinal tract (fa ∼ 20%). The pharmacokinetics of miconazole is characterized by a clearance of 70 l/h and volume of distribution of 20 l/kg. Between 91% and 93% of miconazole is bound to plasma proteins and the drug shows no first-pass metabolism (20, 54) .
Miconazole exhibits a high Dose number D 0 and a low Dissolution number D n , indicating the insufficient solubilisation capacity of the intestinal fluid for the entire dose of miconazole. Fraction absorbed can be improved by increasing drug solubility. It is shown that miconazole fraction absorbed depends also on the particle size, since D n <1 at particle size of 25 μm (Fig. 5) .
In Fig. 6 the predicted miconazole absorption and dissolution profiles are presented. From the unusual shape of the amount dissolved vs. time profile it can be concluded that a fraction of the dose goes into solution in the acidic environment of the stomach and there is a partial precipitation of the weak base in intestine. It might be expected due to the high permeability of the drug, that fraction absorbed will be higher. The simulation results however show that under neutral pH conditions in the small intestine the drug does not re-dissolve sufficiently. In the case of miconazole dose to solubility ratio is high and the oral absorption of this drug is limited by dissolution rate and by the saturated solubility. Parameter sensitivity analysis presented in Fig. 5 verifies that the drug precipitates in the intestine, but precipitation time has not strongly affected fraction absorbed. Figure 6 shows the effect of gastric pH on the plasma concentration versus time profile of miconazole. By an increase of the stomach pH to 5 as compared to pH 1.3, the absorption of miconazole is predicted to be reduced from 29.4% to 23.8%. This may occur following meal intake, administration of gastric acid blockers or by patients with gastric hypoacidity or achlorhydria. Influence of gastric pH on absorption has been clearly illustrated in human clinical trials with weak bases e.g. ketoconazole, gefitinib, cinnarizine and dipyridamole (55) (56) (57) (58) . Biowaiver for miconazole products can thus not be recommended since the fraction absorbed is very low due to miconazole low solubility and the fact that dissolution of a Simulated results are presented as the mean (CV%) compared with observed data (53) presented as the mean (CV% and range %).
highly dosed base should elevate the intragastric pH (57) resulting probably in the precipitation of the drug.
Case study # 3: terbinafine. Terbinafine is a topically and orally active synthetic antifungal agent of the allylamine class, which is indicated for the treatment of fungal infections of the skin and nails. The physicochemical parameters of terbinafine are summarized in Table VI . As weak base, it shows pHdependent solubility with maximum values at acidic pH.
Terbinafine is rapidly absorbed, reaching peak concentrations approximately 1 to 2 h postdosing. It binds strongly to plasma proteins (99%). The volume of distribution of terbinafine in healthy volunteers is high and the drug is extensively distributed into tissues after oral doses (20, 59, 60) .
Terbinafine absorption and release profile are depicted in Fig. 7 . Weak bases such as ketoconazole precipitate rapidly from their acidic solution as the pH of the dissolution medium exceeds 5.5, pH values that are encountered in the upper small intestine (61) . For terbinafine, likewise, a fraction of the dose dissolves and precipitates in the stomach and at the pH of the small intestine. High permeability of the drug and long intestinal transit time contribute that re-dissolved drug will be completely absorbed. Figure 7 shows that at gastric pH 5.0 a lower fraction of the dose is dissolved in the stomach leading to a reduction in the precipitation material. From the simulations it is apparent that the solubility of the drug in the stomach has impact on overall fraction absorbed since the rate and extent of absorption were reduced after gastric pH was elevated from 94.7% to 77.7% and affected strongly the pharmacokinetics of terbinafine (C max(pH 1.3) /C max(pH 5.0) : 1.7; AUC (pH 1.3) / AUC (5.0) : 1.265). The simulations are also suitable to demonstrate the influence of variation in gastric transit time on terbinafine dissolution/absorption. Figure 8 shows the predicted amounts of terbinafine as a function of time and physicochemical state (dissolved/undissolved) in the duodenum and jejunum at a stomach residence time of 0.25 versus 3 h. It can be seen that gastric transit time influenced the fraction of dose that dissolved in the stomach and remained undissolved in upper GIT, but variation of stomach transit time Further simulations aimed at predicting in vivo performance of terbinafine SLOW IR product (Fig. 9 ) in comparison to the RAPID IR product. Virtually no differences in fraction absorbed (99.68% versus 99.62% for RAPID and SLOW IR products respectively) among terbinafine tablets were predicted (Table VII) .
Terbinafine might be a candidate for granting a biowaiver provided the existence of a discriminating and predictive in vitro dissolution test, since the dissolution of two IR products did not affect the plasma concentration of the drug and most of the administered powder could dissolve in the GI tract producing a high fraction absorbed. Quick absorption of slowly dissolved drug that slow arrived in intestine created "sink" conditions, so it was less like that precipitation of the base occurred.
Routine bioequivalence studies with 250 mg immediate release terbinafine tablets in Germany confirmed no significant differences in the rate and extent of absorption between the generic products and the test product (62) (63) (64) (65) (66) . In one study, published by Koytchev et al., the bioequivalence acceptance range for C max value was expanded to 0.7-1.43 since the rate of absorption was considered as not relevant for terbinafine clinical efficacy (67) .
CONCLUSIONS
In silico models are useful to identify BCS class II biowaiver candidate drugs. The risk of bioinequivalence in terms of C max has shown to be higher than for AUC. Class II weak acids and bases in immediate release dosage forms may be eligible for biowaivers provided that the dose dissolves completely before reaching middle jejunum. Biowaivers for some class II drugs also necessitate the availability of a discriminative and in vivo predictive in vitro dissolution method. Thus they should be complemented by prospective in vitro/in vivo correlation studies to validate the proper selection of biowaiver candidate drugs. 
